Infections of F plasmid-containing strains of Escherichia coli by bacteriophage T7 result in membrane damage that allows nucleotides to exude from the infected cell into the culture medium. Only pifA of the F pif operon is necessary for "leakiness" of the T7-infected cell. Expression of either T7 gene 1.2 or gene 10 is sufficient to cause leakiness, since infections by phage containing null mutations in both of these genes do not result in permeability changes of the F-containing cell. Even in the absence of phage infection, expression from plasmids of either gene 1.2 or 10 can cause permeability changes, particularly of F plasmid-containing cells. In contrast, gene 1.2 of the related bacteriophage T3 prevents leakiness of the infected cell. In the absence of T3 gene 1.2 function, expression of gene 10 causes membrane damage that allows nucleotides to leak from the cell. Genes 1.2 and 10 of both T3 and T7 are the two genes involved in determining resistance or sensitivity to F exclusion; F exclusion and leakiness of the phage-infected cell are therefore closely related phenomena. However, since leakiness of the infected cell does not necessarily result in phage exclusion, it cannot be used as a predictor of an abortive infection.
Bacteriophage T7 grows normally in F-(female) strains of Escherichia coli, but its growth in strains containing the F plasmid (such as F+, F-, or Hfr; all referred to here as male strains) is aborted midway through the latent period. The initial stages of an abortive infection appear to be normal, and early gene products are synthesized as in a productive infection. However, later events are grossly abnormal; there is no detectable phage DNA synthesis, the rates of phage RNA and protein synthesis rapidly decrease, and the abortively infected cells do not lyse. This abortive infection is described as F exclusion of T7, one of many distinct exclusion systems whereby a resident prophage or plasmid protects its host from certain other infecting phages. By using a variety of host-phage systems, many studies have addressed the question of the molecular basis of the exclusion process, but it has been difficult to separate the primary cause of the abortive infection from secondary or subsequent events. No model that clearly explains the mechanism of exclusion has yet emerged in any system (for reviews, see references 12 and 19) .
F exclusion of T7 requires the synthesis of either wild-type gpl.2 or wild-type gplO; T7 mutants that grow normally in male strains of E. coli necessarily contain a null or missense mutation in gene 1.2 and two missense mutations in gene JO (20) . Gene 1.2 is expressed both early and late after infection, since it can be transcribed by both E. coli and T7 RNA polymerases (13, 30) . Gene 1.2 is not essential for phage growth in most strains of E. coli; T7 gpl.2 is known to inhibit dGTP triphosphohydrolase (16) , an enzyme that is overexpressed in E. coli strains containing the optAl mutation, but its function during F exclusion of T7 is not yet known. Gene 10 codes for two proteins, gplOA and gplOB; gplOB contains a C-terminal extension to gplOA and is made by a shift to the * Corresponding author. -1 reading frame near the normal gene IOA termination codon (14) . Both proteins are found in the phage head, gplOA being the major structural component. Along with other morphogenetic functions, gene JOA (and gene IOB) is only expressed late after infection. F exclusion does not require that gplO be assembled, since mutations in other genes that inhibit capsid assembly, even in the absence of gene 1.2, do not prevent the defects in macromolecular synthesis associated with the abortive infection (20) . However, infections of Su-male hosts with T7 Al.2 IO(Am) double mutants exhibit patterns of transcription and DNA replication characteristic of a productive infection (1, 20 An abortive infection requires that the F plasmid be pifr (23) , also called fex+ (4) . The pif operon is nonessential for the majority of F-related properties; pifdeletion mutants are piliated, are proficient in conjugation, and have the normal stability expected of a low-copy-number plasmid. Mutants of F lacking the pifC operon repressor are not, however, able to inhibit conjugal transfer of the broad-host-range plasmid RP4 (17) , and pifC mutants also overexpress pifA (11, 18) (4, 7) . These studies led to the proposal that the primary cause of F exclusion was the increased permeability (simply referred to as "leakiness") of the abortively infected cell. However, leakiness of the T7-infected cell is not suppressed by chromosomal (i.e., non-F) mutations that prevent F exclusion (25) , even though leakiness is dependent on the presence of pif (2, 4, 7) . Allele-specific mutations in the ribosomal gene rpsL (5, 6) , or mutations affecting galU (25) , allow wild-type T7 to productively infect a male host but do not suppress the membrane dysfunctions of the infected cell. Further evidence that leakiness may be a phenomenon merely associated with, rather than the primary cause of, T7 infections of a male strain comes from the observation that T7 mutants that grow normally in male strains still leak nucleoside triphosphates into the culture medium (20) . These observations leave open the questions of which T7 product(s) causes leakiness and why infection of the same male host by the closely related phage T3 (20) does not cause nucleotides to exude from the cell. We show here that the same two phage gene products that are involved in F exclusion also determine whether permeability lesions occur in the infected cell; however, these lesions are not necessarily sufficiently debilitating to cause an abortive infection.
MATERIALS AND METHODS
Bacteria and plasmids. Bacterial strains and plasmids are described in Table 1 . F42-P3 was isolated by transforming IJ511/F42 (F'lac) with the T7 gene 1.2 plasmid pAK25 while maintaining selection for F'lac; pAK25 is toxic in F-containing hosts, and among the few transformants obtained are pif mutant F plasmids (27) . Presumptive pif mutants of F'lac were mated out into suitable F-recipients and checked to see that they no longer inhibited the growth of T7.
The plasmids pPK10 and pPK11 are derived from the T7 DNA present in pAR436 and pAR1338 (14) , respectively; the NheI-BamHI fragment of pAR436 (containing gene JOA+B sequences) and of pAR1338 (containing only gene JOA sequences) were cloned into the XbaI-BamHI sites of pUC19. Both pPK10 and pPK11 contain an out-of-frame fusion of the 5' end of lacZ to the third codon of T7 gene 10; however, both plasmids complement T7 gene 10 mutants and can be maintained in male cells that contain the plasmid pQ.
Bacteriophages. Mutants of phages T7 and T3, together with the hybrid phage RG7, are described in Table 2 ; phages containing multiple mutations were isolated by following standard procedures for recombination (29) . The T7 gene io deletion mutant AJO-NBJ removes nucleotides 22975 through 23894 of the T7 DNA sequence (14) . The deletion was constructed by digesting Al .2-ST16 phage DNA with NheI and BssHII and blunt ending it with Sequenase (U.S. Biochemical Corp.). The DNA was then ligated and transfected into cells containing a T3 gene 10 plasmid. The latter Assays of nucleotide leakage. Nucleotide leakage from cells was assayed by an adaptation of the method described by Britton and Haselkorn (4). Cells were grown at 30°C in M2 minimal medium (31) vacuum and redissolved in 25 ,ul of 88% formic acid, and a portion was applied to a thin-layer chromatography (TLC) PEI-cellulose sheet (MN300; Brinkmann Instruments). The chromatogram was developed with 0.85 M KH2PO4 (pH 3.4) for 2 to 3 h, and 32P-labeled compounds, primarily nucleoside mono-, di-, and triphosphates, were detected by autoradiography. Experiments to measure nucleotide leakage resulting from the induction of plasmid-borne genes were performed similarly, except that in place of phage infection, isopropyl-3-D-thiogalactopyranoside (IPTG, 1 mM final concentration) was added to the cell culture.
RESULTS AND DISCUSSION Genes 1.2 and 10 control nucleotide release from infected F-containing cells. It has been shown that infections of the male E. coli Su-strain RVIF'lac by wild-type bacteriophage T3 do not lead to the appearance of significant quantities of nucleotides in the cell culture medium (20) . In contrast, infections by the closely related phage T7 do cause leakiness of the infected male cell; furthermore, leakiness has been proposed to be the primary cause of F exclusion of T7. We therefore asked whether a mutant T3 that abortively infects male strains would cause leakiness. Within 10 min after infection of the strain RVIF'lac by the T3 1.2 mutant M21a, nucleotides leak from the cells (Fig. 1A) affected the leakage of nucleotides seen after infection by 1.2 mutant phage. The data presented in Fig. 1B show that preventing synthesis of the capsid protein via an amber mutation in gene 10 also prevents nucleotide leakage from T3 1.2 mutant-infected male E. coli. Thus, in an infection of a male strain by wild-type T3, gpl.2 is necessary to prevent gplO from causing damage to the cell membrane. However, as in the case of infections by T7 mutants that are resistant to F exclusion (20) , a T3 1.2 mutant that is able to grow in male strains of E. coli by virtue of mutations in gene 10 (M2R1) still causes nucleotides to leak from the infected cell (Fig. 1C) . Though the productive infection causes less nucleotide leakage from a male cell than an abortive infection, it is clear that leakage is not a reliable predictor of an abortive infection and it seems unlikely that leakage can be the primary cause of F exclusion. A similar conclusion was reached during a study of F exclusion of phage T7 (20) . Nevertheless the same gene products that are involved in determining sensitivity to F exclusion are those that also 9 
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NDP/NMP w The pifA gene of F causes nucleotide leakage from infected C * cells. On the basis of the properties of certain F mutants, Morrison and Malamy (23) defined the genes pifA and pilB, 13 16 both of which were required for exclusion of T7. E. coli cells containing the pifA pifB+ mutant F'W6D are partially restrictive for T7 but less so than those containing the pif' parent F'W4680; cells containing the pifA pifB mutant F'E23D are fully permissive for T7 growth. pifB is located ants that contain within the pifoperon (18, 26) , but its role in F exclusion of T7 tnly the gene 10 has remained obscure. However, T7 infection of F'W6D-from a male cell. containing strains still causes ATP to leak into the extracelgene 10 is both lular medium (2). Since F exclusion is triggered by expreseability changes sion of either T7 gene 1.2 or gene 10, it was of some interest ;apparent someto determine whether pifA and pifB are each targeted against 2-ST16 than after one T7 gene or whether only one pif gene is responsible for -NBI (cf. Fig. 2B the leakiness of T7-infected cells. )ected; the gene Infections of cells containing the pifA pifB+ mutant cells infected by F'W6D by either A1.2-STI6 or A10-NBJ lead to nucleotide l cause leakiness leakage ( Fig. 4A and B) . Thus, the remaining pif activity of and gene 1 (27) and that the presence of a multicopy pifA plasmid in a cell is fully restrictive for T7 growth (10, 11) . In contrast, a multicopy plasmid expressing pifB is not toxic in strains containing either T7 gpl.2 or gplO and is not inhibitory for the growth of T7 (27) . Although these observations all involve the use of multicopy plasmids, it seems likely that pifA is the only gene in the F plasmid pif operon that is necessary for the exclusion of T7 and that the pifA mutation in F'W6D does not confer a null Pif phenotype. Permeability changes in the absence of phage infection. It was of interest to determine whether, in the absence of other phage products, genes 1.2 and 10 could cause the permeability defects associated with T7 infections of male strains of E. coli. Plasmids expressing wild-type T7 gene 1.2 are toxic in pif+ cells (27) . However, the plasmid pAK25, containing lac-regulated T7 gene 1.2, can be maintained in pif' cells provided a compatible multicopy plasmid carrying lacd" is also present. The addition of IPTG to a culture of E. coli IJ511(pQ + pAK25)/Flac(Kn) derepresses gene 1.2, and within about 10 min nucleotides can be detected in the cell-free culture fluid (Fig. SA) . Furthermore, leakiness of the induced cells is dependent on the presence of pif, since induction of gene 1.2 in the female strain E. coli IJ511(pQ + pAK25), or in male cells containing the pif mutation present in F42-P3, has no effect (data not shown). These (27) . However, the plasmids pPK10 and pPK11, containing a short deletion of the 5' ends of gene JOA+B and gene IOA, respectively, can be propagated in male strains that harbor a lacP plasmid. The mutant gene 10 in both pPK10 and pPK11 is functional, since both plasmids complement T7 AJ0-NBJ and therefore these plasmids can be used to study the toxicity of the T7 capsid protein in pif' cells. tions (3), two-dimensional TLC has revealed the presence of the other nucleoside diphosphates, primarily ADP, and nucleoside monophosphates in the culture medium (data not shown). In Salmonella typhimurium, nucleoside triphosphates are more abundant than their corresponding mono-or diphosphates (3), and it is likely that E. coli has a similar distribution of these compounds. The fact that expression of T7 gene 10 releases more GDP than GTP (and ADP than ATP) from a female cell suggests that in addition to causing permeability lesions in the cell, gene 10 either reduces the rate of synthesis of the triphosphates or enhances their hydrolysis. A third possibility is that gene 10 selectively allows nucleoside diphosphates to exude from the cell, though this seems rather improbable.
Concluding remarks. T7 genes 1.2 and 10 are the two targets of the pif exclusion system of F (20) , and they are also the two genes whose expression causes leakiness after infection of a male E. coli cell. Thus, F exclusion of T7 and leakiness of the T7-infected male cell are related phenomena. They are, however, at least partially separable, since T7 mutants, altered in both genes 1.2 and 10, that grow normally in male hosts still leak nucleotides from the infected cell (20) . Furthermore, chromosomal (i.e., non-F) mutations that suppress F exclusion do not prevent leakiness (25) . Perhaps both leakiness and F exclusion are consequences of the same molecular dysfunction and differ only in a quantitative sense; i.e., an abortive infection can be avoided by a reduced toxicity of the mutant phage genes in a male cell, although the interactions of these genes and pif still may be sufficiently damaging to cause nucleotide leakage from the infected cell. This idea implies that the initial dysfunction, as yet unknown, that occurs in a T7-infected male cell may affect the cell membrane and result in leakiness of the infected cell; depending on its severity, the same dysfunction may also result in an abortive infection. A similar hypothesis can be proposed for T3-infected male cells, with the additional fact that in this system, gene 1.2 normally prevents gene 10 from causing any dysfunction to occur.
An additional factor that should be considered is the time after infection when a particular level of nucleotide leakage is attained. Relative to an abortive infection, productive infections of a male strain by the T3 mutant A2R1 and the T7-T3 hybrid phage RG7 (Fig. 1C and 3) , and also by the T7 mutant MM20 (Fig. 2b in reference 20) , result in somewhat reduced levels of leakiness at any given time after infection. Neither A2R1 nor MM20 contains a toxic form of gene 1.2, and it is thought that one of the two gene 10 mutations in each phage reduces the rate of expression of the gene (8, 20) . Perhaps the additional time taken to synthesize the level of mutant gplO that is sufficient to cause leakiness allows overall phage development to proceed beyond the point where F exclusion is effective. A comparable argument may also be made for infections by RG7, since the T3 gene 1.2 present in the hybrid phage reduces the damage caused by the expression of T7 gene 10, thereby delaying the appearance of nucleotides in the extracellular medium.
In the absence of phage infection, female cells induced to give moderate levels of expression of T7 gene 10 continue to grow normally without significant loss of viability even though they are losing nucleotides to the culture medium. Thus, although nucleotide leakage may signify that the cell membrane is damaged and although the balance between the levels of nucleoside di-and triphosphates appears to be altered by the expression of T7 gene 10, these physiological defects are not sufficient to kill the cell. Thus, nucleotide leakage cannot be used as a reliable predictor of cell death.
Similarly, nucleotide leakage from wild-type T7-infected or T3 1.2 mutant-infected male strains of E. coli is not a reliable predictor of an abortive infection, even though the genes that determine leakiness are exactly those that are responsible for triggering the abortive infection.
